Mushrooms are very perishable foods, demanding for processing technologies that retain chemical and nutritional characteristics of fresh forms. In this work, the influence of freezing, drying and gamma irradiation on chemical parameters and antioxidant potential of Macrolepiota procera was assessed through one-way ANOVA complemented with principal component analysis. Proximate composition was evaluated by AOAC procedures, while fatty acids, tocopherols and free sugars were determined using chromatographic techniques. Antioxidant activity was measured using in vitro assays. M. procera samples have low energetic values, with moisture and carbohydrates as major nutrients. Linoleic, palmitic and oleic acids were the major fatty acids; !-tocopherol was the prevalent isoform in fresh, frozen and irradiated samples, while !-tocopherol predominated in dried samples. Trehalose was the most abundant sugar in fresh and irradiated samples, whereas mannitol predominated in frozen and dried samples. Dried samples gave higher DPPH scavenging activity and !-carotene bleaching inhibition; freeze and irradiated samples showed higher reducing power and TBARS formation inhibition, respectively. Overall, freezing and drying caused significant differences in chemical parameters. On the other hand, gamma irradiation revealed the highest capacity to retain chemical profile of fresh samples, which highlights its potential to be explored and validated as an alternative conservation methodology.
Introduction
Mushrooms are widely appreciated for their unique taste and flavor, but also for their nutritional (Kala", 2009 ) and medicinal properties, such as anti-inflammatory, antidiabetic, antibacterial and antitumor, attributed to the presence of bioactive metabolites (e.g. phenolic compounds, terpenes, steroids and polysaccharides) (Poucheret, Fons, & Rapior, 2006; Ferreira, Vaz, Vasconcelos, & Martins, 2010) . In particular, edible mushrooms can be a source of nutraceuticals with important antioxidant properties, which can positively influence the oxidative stress in cells and related diseases (Ferreira, Barros, & Abreu, 2009 ).
Nevertheless, mushrooms are one of the most perishable food products and tend to lose quality immediately after harvest. The shelf life is reduced due to post-harvest changes, namely browning, cap opening, stipe elongation, cap diameter increase, weight loss and texture damage, related to their high respiration rate and moisture, relatively high protein content, and lack of physical protection to avoid water loss or microbial attack (Fernandes, Antonio, Oliveira, Martins, & Ferreira, 2012c) . Therefore, mushrooms are mainly used in the processed form (Jaworska & Bernás, 2009 ).
Extending shelf-life is an imperative factor to increase the profitability and availability of any food product, since it offers the possibility of developing markets at a greater distance (Akram & Kwon, 2010) , but the applied technology should not act itself as a source of chemical modifications.
Drying is the most common method for preserving mushrooms (Giri & Prasad, 2007) and freezing is becoming increasingly popular (Jaworska & Bernás, 2009; Jaworska & Bernás, 2010) . Drying is a comparatively cheaper method (Rama & Jacob, 2000; Walde, Velu, Jyothirmayi, & Math, 2006) , while food freezing is among the most efficient and adequate preservation methods (Haiying, Shaozhi, & Guangming, 2007) .
The main advantage of freezing is that it allows the best retention of nutritional value as well as sensory qualities such as color, aroma, taste and texture; during freezing most of the liquid water changes into ice, which greatly reduces microbial and enzymatic activities (Haiying et al. 2007 ).
Food irradiation has also been suggested as a safe and adequate process to maintain and increase the food shelf life (WHO, 1994) . This physical method of conservation involves exposing a product to ionizing radiation, in a controlled dose and irradiation time (Akram & Kwon, 2010; Fernandes et al. 2012c ). The maximal recommended dose for extending the shelf-life of fresh mushrooms is 3 kGy (ICGFI, 1999) .
Many studies have applied gamma irradiation to a range of mushrooms including cultivated (Jiang, Luo, Chen, Shen, & Ying, 2010; Sommer, Schwartz, Solar, & Sontag, 2010) and, more recently, wild species (Fernandes et al., 2012a; Fernandes et al., 2012b) . In those two studies of our research group, the effects of gamma irradiation on chemical composition, antioxidant activity and physical parameters of fresh Lactarius deliciosus wild edible mushroom were evaluated, being concluded that up to 1 kGy this technology was effective in maintaining chemical composition and controlling the deterioration of fresh samples.
The main objective of the present study was to assess the effects of different processing technologies (freezing, drying and gamma irradiation) on chemical and antioxidant parameters of the wild mushroom Macrolepiota procera, in order to select the most suitable solution to be applied in future studies related to its preserving ability.
Materials and methods

Standards and reagents
To estimate the dose and dose rate a Fricke dosimeter was used. This consists of a chemical solution sensitive to ionizing radiation, prepared in the laboratory following the standards and Amber Perspex dosimeters (batch V, from Harwell Dosimeters, Harwell, UK). To prepare the acid aqueous Fricke dosimeter solution the following reagents were used: ferrous ammonium sulfate(II)hexahydrate, sodium chloride and sulfuric acid, all of them purchased from Panreac S.A. (Barcelona, Spain) with purity PA (proanalysis).
For chemical analyses: acetonitrile 99.9%, n-hexane 95% and ethyl acetate 99.8% were of HPLC grade from Lab-Scan (Lisbon, Portugal). The fatty acids methyl ester (FAME) reference standard mixture 37 (standard 47885-U) was purchased from Sigma (St.
Louis, MO, USA), as also other individual fatty acid isomers, tocopherol and sugar standards. Racemic tocol, 50 mg/mL, was purchased from Matreya (Pleasant Gap, PA, USA).
For antioxidant potential analysis: 2,2-diphenyl-1-picrylhydrazyl (DPPH) was obtained from Alfa Aesar (Ward Hill, MA, USA). Standards trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) and gallic acid were from Sigma (St. Louis, MO, USA). Methanol and all other chemicals were of analytical grade and obtained from common sources. Water was treated in a Milli-Q water purification system (TGI Pure Water Systems, Greenville, SC, USA).
Samples and samples preparation
Macrolepiota procera fruiting bodies were obtained in Trás-os-Montes, in the Northeast of Portugal, in November 2011. The samples were divided into four groups with three mushrooms (whole fruiting bodies) per group with different stages of maturation, and then submitted to different processing technologies: freezing (at -20 ºC in a freezer), drying (at 30 ºC in an oven) and gamma irradiation (with a Co-60 source, following the procedure previously described by us; Fernandes et al., 2012a) . The estimated dose after irradiation was 0.6 ± 0.1 kGy, at a dose rate of 2.3 ± 0.1 kGy h -1 . The fourth group was kept fresh and promptly analyzed (control sample).
After each treatment, the samples were lyophilized (FreeZone 4.5 model 7750031, Labconco, Kansas, USA) to prevent any further deterioration, reduced to a fine dried powder (0.85 mm) and mixed to obtain homogenized samples for subsequent analyses. (N # 4.38) of the samples was estimated by the macroKjeldahl method; the crude fat was determined by extracting a known weight of the sample with petroleum ether, using a Soxhlet apparatus; the ash content was determined by incineration at 600±15 °C; total carbohydrates were calculated by difference: total carbohydrates (g) = 100 -(g moisture + g protein + g fat + g ash). Total energetic value (100 g) was calculated according to the following equation: energetic value (kcal) = 4 # (g protein +g carbohydrate) + 9 # (g fat).
Fatty acids.
Fatty acids were determined after a transesterification procedure as described previously by the authors (Heleno, Barros, Sousa, Martins, & Ferreira, 2009 ), using a gas chromatograph (DANI 1000, Contone, Switzerland) equipped with a split/splitless injector and a flame ionization detector (GC-FID). Fatty acids identification was made by comparing the relative retention times of FAME peaks from samples with standards. The results were recorded and processed using CSW 1.7 software (DataApex 1.7). The results were expressed in g per 100 g of fat (obtained after Soxhlet extraction).
Free sugars. Free sugars were determined by a High Performance Liquid
Chromatography (HPLC) system consisted of an integrated system with a pump (Knauer, Smartline system 1000, Berlin, Germany), degasser system (Smartline manager 5000) and auto-sampler (AS-2057 Jasco, MD, USA), coupled to a refraction index detector (RI; detector Knauer Smartline 2300, Berlin, Germany) as previously described by the authors (Heleno et al., 2009 ). Identification of sugars was made by comparing the relative retention times of sample peaks with standards. Data were analyzed using Clarity 2.4 Software (DataApex). Quantification was based on the RI signal response of each standard, using the internal standard (IS, raffinose) method and by using calibration curves obtained from commercial standards of each compound. The limits of detection (LOD), calculated as the concentration corresponding to three times the calibration error divided by the slope, were 0.05 mg/mL for fructose, and 0.07 mg/mL for mannitol, trehalose and melezitose. The limits of quantification (LOQ) were calculated using the concentration corresponding to ten times the calibration error divided by the slope, and were 0.18 mg/mL for fructose and melezitose, and 0.22 and 0.24 mg/mL for mannitol and trehalose respectively). The results were expressed in g per 100 g dry weight (dw).
Tocopherols.
Tocopherols were determined following a procedure previously 
Total phenolics.
Phenolics were determined by the Folin-Ciocalteu assay. The extract solution (1 mL) was mixed with Folin-Ciocalteu reagent (5 mL, previously diluted with water 1:10, v/v) and sodium carbonate (75 g/L, 4 mL). The tubes were vortex mixed for 15 s and allowed to stand for 30 min at 40 ºC for colour development.
Absorbance was then measured at 765 nm. Gallic acid was used to obtain the standard curve (0.0094-0.15 mg/mL), and the results were expressed as mg of gallic acid equivalents (GAE) per g of extract.
2.4.3. DPPH radical scavenging activity. This methodology was performed using an 
Reducing power.
This methodology was performed using the Microplate Reader described above. The different concentrations of the extracts (0.5 mL) were mixed with sodium phosphate buffer (200 mmol/L, pH 6.6, 0.5 mL) and potassium ferricyanide (1 g/100 mL, 0.5 mL). For each concentration, the mixture was incubated at 50 ºC for 20 min, and trichloroacetic acid (10 g/100 mL, 0.5 mL) was added. The mixture (0.8 mL)
was poured in the 48-wells, as also deionised water (0.8 mL) and ferric chloride (0.1 g/100 mL, 0.16 mL), and the absorbance was measured at 690 nm.
Inhibition of !-carotene
bleaching. !-carotene (2 mg) was dissolved in chloroform (10 mL) and 2 mL of this solution were pipetted into a round-bottom flask.
After the chloroform was removed at 40 ºC under vacuum, linoleic acid (40 mg), Tween 80 emulsifier (400 mg), and distilled water (100 mL) were added to the flask with vigorous shaking. Aliquots (4.8 mL) of this emulsion were transferred into different test tubes containing different concentrations of the extracts (0.2 mL). The tubes were shaken and incubated at 50 ºC in a water bath. As soon as the emulsion was added to each tube, the zero time absorbance was measured at 470 nm. !-Carotene bleaching inhibition was calculated using the following equation: (Absorbance after 2 h of assay/initial Absorbance) # 100. 
TBARS assay. Porcine (Sus
Statistical analysis
For each processing technology three samples were analysed, with all the assays being also carried out in triplicate. Data were expressed as mean±standard deviation. All statistical tests were performed at a 5% significance level using SPSS software, version 18.0.
Analysis of variance.
The fulfillment of the one-way ANOVA requirements, specifically the normal distribution of the residuals and the homogeneity of variance, was tested by means of the Shapiro-Wilk's and the Levene's tests, respectively. All dependent variables were compared using Tukey's honestly significant difference (HSD) or Tamhane's T2 multiple comparison tests, when homoscedasticity was verified or not, respectively. in the other samples, probably due to a decrease in molecular oxygen, which is known to induce lipid auto-oxidation processes (Nawar, 1986) . The mean values obtained for tocopherol profiles are given in Table 3 . Once again, the results of the Levene's test confirmed the homoscedasticity of distribution in all cases.
Principal components analysis (PCA)
.
Results and discussion
Chemical composition
At a 5% significance level, "-and !-tocopherols were the vitamers with the highest variability, but other statistical differences could be observed, proving that tocopherol profiles obtained for each technology were dissimilar. For instance, irradiated samples showed the highest contents of $-(5.2 'g/100 g dw) and "-tocopherol (43 'g/100 g dw),
while dried and fresh samples had the highest contents in !-(77 'g/100 g dw) and !-tocopherol (91 'g/100 g of dw), respectively.
Regarding free sugars composition (Table 4) , dried samples gave the highest total content (19.3 g/100 g dw), also presenting the highest levels of mannitol (11.4 g/100 g dw). The highest concentration of trehalose (10.2 g/100 g dw) and melezitose (1.42 g/100 g dw) was found in irradiated samples, while fructose (0.17 g/100 g dw) was
higher in frozen samples. Fresh and irradiated samples presented trehalose as the main sugar, whereas mannitol predominated in frozen and dried samples. Trehalose, melezitose and total free sugars gave the most significant differences among processing technologies. The amounts quantified for the main sugars (trehalose and mannitol) are in agreement with previous results concerning different treatments applied to M. procera samples (Barros et al., 2007) .
Antioxidant activity
All M. procera samples proved to have antioxidant activity, but revealed different properties according to the applied processing technology. Dried samples had the highest antioxidant activity (Table 5) , measured by DPPH scavenging activity (50% at 2.7 mg/mL) and !-carotene bleaching inhibition (50% at 1.10 mg/mL). Accordingly, these were also the samples with the highest phenolic content (19.2 mg GAE/g extract).
However, the methanolic extracts obtained from frozen and irradiated samples presented the highest reducing power (0.5 absorbance at 1.27 mg/mL) and TBARS formation inhibition (50% at 0.78 mg/mL), respectively. Regarding frozen samples, the cell walls might be disrupted increasing the extractability of intracellular compounds, leading to the highest reducing power. The heat (30 ºC) applied to dried samples could inactivate endogenous oxidative enzymes (Barros et al., 2007) , explaining the increased antioxidant activity.
In general, and independently of the processing technology, M. procera samples have low energetic values (372-388 kcal/100 g dw), with moisture and carbohydrates as major nutrients. The fatty acid profiles were similar for all the samples: linoleic, palmitic and oleic acids were the compounds present in major amounts. !-Tocopherol was the prevalent vitamin E isoform in fresh, frozen and irradiated samples, while !-tocopherol predominated in dried samples. Regarding free sugars, trehalose was the most abundant compound in fresh and irradiated samples, whereas mannitol was the main sugar in frozen and dried samples. The processing technologies had specific effects on the antioxidant potential of M. procera extracts: dried samples gave higher DPPH scavenging activity and !-carotene bleaching inhibition; freeze samples showed higher reducing power and irradiated samples revealed higher TBARS formation inhibition.
Principal Components Analysis (PCA)
For a better comprehension of the differences induced by each processing technology, data were evaluated through a PCA. The number of dimensions considered in the analysis was set in order to obtain meaningful outputs. The reliability of dimensions was ensured by Cronbach's alpha parameter (that must be positive) and eigenvalue (that should be higher than 1). The plot of object points ( Figure 1A) indicates that the first two dimensions account for most of the variance of all quantified variables (57.19% and 27.46%, respectively). The parameters most correlated with the first dimension are highlighted (black dashed line) in Figure 1B . As it can be observed in Figure 1 
